Since its inception in the early 1980s, the Caenorhabditis elegans genome project has pioneered approaches to physical mapping and genomic sequencing. Today the physical map of the 100-Mb genome is among the largest and most complete yet constructed. More genomic sequence and more sequenced genes are now available from the worm than from any other organism, and we are on target for completion of the full genomic sequence by the end of 1998. The utility of these resources can be judged by the many C. elegans laboratories now using the map and sequence to study mutationally defined genes and by the use of sequence homologies by many more laboratories. The genome sequence is critical to gaining a thorough understanding of this important model organism and will aid in studies of human disease.
In this review, we shall attempt to describe the underlying philosophy and the general approaches that we feel have been important for the success of the project. These points are applicable not only to other small genome projects but also to the much larger and more challenging human genome project.
The Genome Map
The physical map consists largely of overlapping cosmid and yeast artificial chromosome (YAC) clones (1) (2) (3) . Both components are essential: the YACs, by virtue of their large inserts and propagation in yeast, provide long-range continuity and can hold DNA that is unclonable in bacterial cosmid clones, while the cosmids provide high resolution locally and a more convenient substrate for biochemistry. Regions that are unclonable in cosmids are often rich in repetitive sequences and relatively poor in genes.
The principal techniques for physical mapping have been restriction enzymebased fingerprinting for construction of cosmid contigs; YAC-cosmid hybridizations to gridded arrays; sequence-tagged site (STS) assays for direct detection of YAC-YAC overlaps; and hybridization to C. elegans chromosomes for long-range ordering (20) . The topological constraints imposed by the ordered cosmids were important for the interpretation of YACcosmid hybridizations in that they helped to distinguish genuine matches from spurious matches due to repetitive sequences.
This physical array of cloned DNAs is made into a genome map by the wealth of genetic markers that have been attached to specific clones. This was facilitated by the early and unrestricted distribution of the clone resources and by the research community's readiness to share information prior to publication. In fact, the genetic matches were also critical mapping tools in that they, along with in situ hybridization, provide the longest range linkage. Unlike the physical mapping, which was carried out mainly by two central laboratories, the genetic linkage has been achieved by the cooperative effort of the entire C. elegans research community. The communal approach is important in two ways. From the point of view of the map, it ensures that the specialized knowledge of all individuals and groups is brought to bear on the project. From the point of view of effort and funding, it means that everyone is involved and allows the central resources to be as lean and focused as possible.
The map as a whole gains from being a multilevel construct; no single technique is sufficient by itself to provide full linkage, and strength arises from partial redundancy between the levels. This is important because all mapping information is to some degree stochastic.
The fingerprinting method is readily scalable and is being applied increasingly to the human genome. Since the original nematode work, the procedure has been automated, and new generations of assembly software are appearing. In contrast to the worm, long-range order in the human genome is being achieved at an earlier 10836 stage by STS analysis of YACs and radiation hybrids and by in situ hybridization. However, just as in the worm, bacterial clones [whether cosmids, Pls, P1 artificial chromosomes (PACs), or bacterial artificial chromosomes (BACs) (21, 22) ] will provide the preferred substrates for biochemistry.
Genome Sequence
In sequencing the genome, we have as far as possible adopted the same philosophy of collective endeavor. The task of the two central laboratories is restricted to collecting the data as efficiently as possible. They strictly refrain from exploiting the sequence for their own research purposes before its release. As soon as the raw data has been assembled into contigs, it is available for screening by anyone [by being placed in an anonymous file transfer protocol (ftp) server]. When each cosmid sequence is finished, it is analyzed by computer with supplemental human interpretation; the annotated sequence is then immediately submitted to GenBank or EMBL, as well as being placed in the C. elegans data base ACeDB (4) . In this way, the expertise not only of the worm community but of the whole world is brought to bear at the earliest possible stage.
Sequencing at present is concentrated on the central regions of the autosomes and the whole of the X chromosome totaling roughly 60% of the genome. Genetic and cDNA mapping data indicate that these areas contain the majority of the genes (perhaps as many as 90% of the total) (refs. 5 and 6; Y. Kohara, personal communication), and, therefore, the project will deliver high biological value as rapidly as possible. However, this does not weaken the plan to sequence the whole genome; there are many important aspects beyond the acquisition of protein coding sequence.
Starting in this way has the added benefit for us that we are initially sequencing cosmids. Later, we shall have to deal with the "YAC bridges"-i.e., the regions that are cloned in YACs but not in cosmidsand we are experimenting with ways of doing this. Starting from whole YACs, Abbreviations: YAC, yeast artificial chromosome; STS, sequence-tagged site.
though successfully done (7) (12) . At the National Genetics Institute (Mishima, Japan), Yuji Kohara is continually adding to his set of sequence-tagged cDNAs and is determining their expression patterns by in situ hybridization. In Vancouver, Canada, David Baillie (Simon Fraser University) and Ann Rose (University of British Columbia) are generating transgenic strains incorporating sequenced cosmids; rescue of lethal and visible mutants by these strains will allow precise correlation of the genetic map with the sequence (13-15) .
By far the largest use of the genome map and sequence is for the study of specific C. elegans genes. Virtually all the 150 C. elegans laboratories make use of the map, and most of them request clones from it. Increasingly, laboratories working on other organisms are also using these resources.
Applications of the sequence information are on a variety of levels. At the most mundane level, the prior determination of the sequence by an efficient large-scale operation simply saves subsequent effort and resources. Importantly, the sequence provides ready-made tools, such as a restriction map and information for making primers, that facilitate experimental design.
More creatively, the sequence provides new entry points to the genome. Homologs of known genes or parts of genes can be sought by computer. Not only is this style of searching faster than physical probing but also it is more thorough. Weak similarities, beyond the detection limit of hybridization, can be picked up and evaluated. At present, investigators can search a total of about 38 Mb (22. project proceeds and will be greatly enhanced as the emerging families of genes and domains are subjected to cluster analysis.
As the sequenced regions extend along the chromosomes, the large-scale structure of the genome starts to emerge. We are only just beginning to explore this level, but some of the early findings are illustrated in Figs. 1 and 2 . Additionally, direct analysis of the sequence yields many interesting features, with applications to gene function, evolution, and medicine. A few selected examples follow.
(i) Genes are found within the introns of other genes. In one case, five such genes were found within a single gene (Fig. 1) .
(ii) There are clusters of tRNA genes, containing five members in one case and six in another.
(iii) Different types of gene families are found: some where the family members are dispersed and others where they are close together in tandem arrays. We can begin to look at the evolution of the individual members.
(iv) A relatively high incidence of inverted repeats is found within the introns of predicted genes. The functional significance of this, if any, is unknown.
(v) Genes have been found in head-totail patterns, which have been shown to be indicative of operons (Fig. 2) (16) .
(vi) Homologs to genes of medical importance have been found-e.g., the only known invertebrate Lowe syndrome homolog (17 (18, 19) .
(viii) Many repeat families have been identified. Some are thought to be "dead" transposons from an unknown and possibly extinct transposon type.
Apart from patterns of genes, we begin to see the matrix of duplicated, inverted, and transposed pieces of which the genome is composed. Somewhere there are elements that mediate replication, recombination, and segregation of the chromosomes and others that control sex determination, dosage compensation, and global gene expression. The sequence will provide the framework on which hypotheses can be developed and tested.
Finally, the sequence forms a permanent archive whose value we can only begin to tap at the first pass. The analysis, modification, and above all comparison of sequences from different organisms will provide a major route to a full understanding of biology.
